Effects of alpha decay on the ceramic waste form used to immobilize fission products and actinides accumulated from electrometallurgical treatment of Department of Energy metallic spent nuclear fuel is being studied. This involved the preparation of a surrogate ceramic waste form containing two-weight percent plutonium-238 and monitoring changes to the waste form resulting from alpha-decay damage. The phase assembly of the ceramic waste form consists of glass-bonded sodalite with small quantities of nepheline, halite and plutonium oxide . The waste form has been monitored for three years and has acquired an internal alpha-decay dose of 1x 10 18
INTRODUCTION
Electrometallurgical treatment of spent, metallic nuclear fuel, at Argonne National Laboratory in Idaho, produces a relatively pure uranium product and two high-level waste forms [1] . These extremely durable waste forms are termed the metallic and ceramic waste forms [2] . The ceramic waste form (CWF) contains alkali, alkaline earth, rare earth and halide fission products and small quantities of uranium and transuranics elements (< 1 weight percent). To investigate the effects of alpha decay on the CWF, surrogate waste form material was produced containing approximately 2 weight percent plutonium-238. The high specific activity of 238 Pu 'accelerates' the damage to the host material such that the current 238 Pu alpha-decay dose of 1 x 10 18 alpha-decays/gram of material, obtained after 3 years, corresponds to an equivalent 239 Pu decay exposure time of 1000 years. Incorporation of high-activity radionuclides is but one method applied to the study of radiation damage to materials. Please see Ewing et al. [3] for a review on this topic.
This multiyear study of alpha-decay damage involves periodic measurement of the 238 Puloaded CWF to determine changes to the materials chemical durability, physical characteristics and microstructure [4, 5] . The testing includes chemical durability determined by the product consistency test (PCT), macroscopic volume changes measured by density analysis, phase composition and individual phase volume change measured by x-ray diffraction (XRD), and microscopic analysis of the waste form to monitor alteration to the microstructure and elemental composition by both scanning electron microscopy (SEM) and transmission electron microscopy (TEM). This paper describes the most current measurements and comparison to previous analyses of the 238 Pu-loaded CWF.
SAMPLE PREPARATION
The material used for this study was produced by first oxidizing metallic 238 Pu to PuCl 3 in LiCl/KCl eutectic salt that also contained small quantities of surrogate fission products. The 238 Pu containing eutectic salt was then hot mixed with dried zeolite 4A. This mixing step occludes the salt into the zeolite matrix. After contacting with the zeolite, the PuCl 3 converts to the oxide. This conversion is presumably due to the reaction of Pu with oxygen from residual water in the zeolite. The salt-occluded zeolite was mixed with a glass binder in a ratio of 3:1 zeolite to glass. This material was then consolidated using a hot uniaxial press at a temperature of 1023 K and a pressure of 34 MPa. During processing, the zeolite is transformed to sodalite. 
MICROSTRUCTURE
Scanning electron microscopy is performed using a Zeiss DSM 960A microscope equipped with secondary and backscatter electron detectors as well as energy-dispersive and wavelengthdispersive (EDS and WDS, respectively) x-ray detectors. TEM is performed using a JEOL 2010 transmission electron microscope equipped with an EDS detector.
The microstructure of the 238 Pu-loaded CWF is very similar to the reference (non-Pu loaded) CWF and consists of 5 to 20-micron diameter sodalite regions surrounded by the glass binder. Plutonium is found primarily as PuO 2 in the glass areas between sodalite regions. A second Pu containing phase has been identified by TEM [4] as a tetragonal aluminosilicate phase, and a strongly faceted, needle-like phase containing Pu has also been observed. Neither of these last two Pu containing phases have been observed in the actual CWF that contains approximately 0.1 wt% Pu and their presence is possibly due to the greater Pu loading used in this study. Periodic analysis of the 238 Pu-loaded CWF by SEM indicates no variation to the microstructure or elemental distribution of phases in the waste form after 3 years exposure, or a cumulative dose of 9 x10
17 alpha decays/g as shown in Figure 1 . TEM analysis of the waste form has observed either bubbles and/or voids in both the sodalite and glass phases as shown in Figures 2a and 2b . The origin of these defects is unclear at this time, but could be caused by a number of events. Possible causes of the bubble/void formation include: an artifact from material processing, an artifact from electron bombardment during analysis, voids formed from recoil nuclei after alpha decay, bubble formation from radiolytic gas products (H 2 O, O 2 , Cl 2 , etc.) [6] [7] [8] [9] [10] , or from He accumulation due to alpha decay [11] [12] [13] . It is extremely difficult to determine the exact cause of microstructural features such as the bubbles and /or voids shown in Figure 2 . However, there is indication, as observed by TEM analysis, that these features may also be present in CWF specimens that do not contain Pu, and in the 238 Pu-loaded CWF analyzed shortly after it was produced and thus at very low alpha-decay exposure. Elemental x-ray analysis of the bubble/void regions by EDS does not help in elucidating an explanation of these features, except that EDS does not detect the presence of Ar that can be introduced during sample preparation. Unfortunately, He can not be measured by EDS analysis due to He x-ray absorption by the beryllium window of the analyzer. Also, due to significant local concentrations of oxygen and chlorine in the matrix material, identification of these radiolytic gas products is not possible. It does appear, however, that sufficient structural defects are introduced into the CWF during processing that provide readily available sinks and diffusion pathways to allow for the accumulation of gas generation from radiolytic processes. Of particular interest is the observation that no microcrack formation or phase debonding from the matrix material is occurring after three years of alpha-decay damage. This is significant in that these material defects caused by alpha decay damage are what typically cause the greatest degradation to the waste form after prolonged exposure to radiation decay. 238 Pu-Loaded CWF. How these bubbles/voids are formed is unclear at this time, but may be related to bubble formation from alpha decay, or as an artifact from sample production. The feature labeled void in figure 1b was most likely previously occupied by a NaCl crystal. There is no indication of microcrack formation or debonding of phases due to alpha decay.
CHEMICAL DURABILITY
Chemical durability of the 238 Pu-loaded CWF is monitored using the PCT leaching method (ASTM method 1285) [14] . This test involves grinding the material to a specific particle size range, washing the powder, loading weighed quantities of the powder into stainless steel test vessels and adding known volumes of demineralized water (DM) leachant to the vessels. The volume of leachant added resulted in a ratio of sample surface area to leachant volume of 2000 m -1 . Glass approved reference materials (ARM), used as a check standard, and blank solutions were also added to test vessels. The sealed vessels were then placed in an oven at 90°C for seven days. At the end of the test, the leachate was filtered and collected. Each vessel was then washed with DM water, a 2 volume percent nitric acid solution was added to each vessel and placed in the oven at 90° C for 18 hours. This additional step is performed to remove any adsorbed material from the vessel walls. Finally, the original PCT powder water wash, filtered leachate solutions and acid strip solutions were analyzed by either inductively coupled plasmamass spectrometry, or inductively coupled plasma-atomic emission spectroscopy for leached elemental CWF constituents. The PCT results from the initial test on the 238 Pu-loaded CWF and the second year PCT after 6 x 10 17 alpha-decays/g are shown in Table I . The overall elemental release behavior varies between the first and second 238 Pu-loaded CWF PCT. For the major matrix and salt components released from the 238 Pu-loaded waste form, only Cl, B and Pu are released in statistically significant (release differences greater than 2σ uncertainty) greater quantities during the second PCT than the initial test. For the release of minor constituents from the 238 Pu PCT, in which comparisons can be made (i.e. Nd and Cs), the releases during the second test is statistically greater than the initial PCT. Also note that the experimental uncertainties for measurements made during the first PCT are quite large. Better instrumental methods developed since the first test have substantially reduced the measurement uncertainties and the next 238 Pu-loaded CWF PCT analysis will provide a clearer understanding if indeed the elemental release is increasing with increasing alpha-decay dose. Nonetheless, the elemental release, particularly for Pu, is very low. 
PHYSICAL CHARACTERISTICS Density Determination
Density measurements are performed periodically on the 238 Pu-loaded CWF using an immersion technique. Decrease in density can be attributed to macroscopic swelling due to radiation damage to the bulk material [15] . The method involves first weighing the sample then measuring the buoyancy weight of the sample in water. The density of an aluminum standard, and a non-plutonium CWF check standard is measured along with the sample to determine the uncertainty of the measurements and as a calibration check. The measurements are performed in an air atmosphere glove box. The balance and immersion apparatus used is manufactured by OHAUS, model AP250D. The density measurements are given in Table II . The density of the 238 Pu-loaded CWF sample has remained unchanged, with respect to the measurement uncertainty, during the testing period to date. The density of the 238 Pu-loaded CWF, as determined by immersion in water, is 2.42 ± 0.01 g/cm 3 . This density compares to an average density of 2.35 ± 0.02 g/cm 3 for non-Pu reference CWF material. The higher density of the 238 Pu-loaded CWF is attributed to the high Pu loading in the sample. A decrease in density of the sample provides the most direct evidence of macroscopic volume expansion due to alphadecay damage, yet as mentioned none has been observed at the dose level of 9 x 10 17 alphadecays/gram of material.
XRD Analysis
A Scintag X1 diffractometer with Cu-K α radiation is used for powder XRD analysis. The sample is maintained in a vacuum tight containment chamber with beryllium window. Approximately 2 wt% of the LaB 6 NIST standard reference material (SRM) 660 was mixed with the powdered 238 Pu-loaded CWF as an internal standard for instrument alignment purposes. Patterns were refined by the Rietveld method using General Structure Analysis System (GSAS) software [16] and quantitative phase analysis of the CWF was performed using the SIROQUANT software package [17] .
The waste form is comprised of four crystalline phases and an amorphous phase as indicated by x-ray diffraction. The phase composition of the 238 Pu-loaded CWF in weight percent ± uncertainty of the measurement is: sodalite, 66 ± 7.9; PuO 2 , 4 ± 1; nepheline (NaAlSiO 4 ) , 1 ± 0.2; halite (NaCl), 1 ± 0.2, and the amorphous phase at 22 ± 5.5 wt%. The unit-cell composition of sodalite is M 8 Al 6 Si 6 O 24 Cl 2 , where M is Li, Na or K.
X-ray diffraction patterns of the 238 Pu-loaded sample have been acquired periodically for three years. From these analyses, changes to the phase composition and individual phase lattice parameters can be observed. The most notable change to date is the increase in the unit cell volume of the PuO 2 phase and a slight increase in the volume of the sodalite phase. There is no indication of a change to the phase composition of the 238 Pu-loaded sample. Figure 3 shows the PuO 2 and sodalite unit-cell volume increase with increasing alpha-decay dose. In addition to the use of the SRM LaB 6 as an internal standard for sample alignment, the LaB 6 was used to estimate the overall measurement uncertainty when calculating the unit-cell volume of each phase in the 238 Pu-loaded sample. This measurement uncertainty is ± 0.025% relative standard deviation at the 1σ confidence interval for both the PuO 2 and sodalite phase as indicated in the figure.
The increase in the PuO 2 unit-cell volume results from an accumulation of crystal lattice defects induced by alpha decay and has been described elsewhere [18] . The damage results from dissipation of energy from both the alpha particle and the recoil nucleus that emitted the alpha particle. Lattice defect damage to the PuO 2 phase in the 238 Pu-loaded CWF has also been observed by high resolution TEM [19] . The significance of the unit-cell volume increase of the PuO 2 phase shown in Figure 3 is that the majority of the volume expansion (less than 1%) occurred during the first 100 days with no observed deleterious effect to the physical or chemical durability of the waste form. The PuO 2 phase unit-cell volume is expected to gradually increase with the in-growth of 234 UO 2 ( 234 U has a larger ionic radius than 238 Pu) in the solid solution. This expected volume increase is overlaid on the observed volume increase for the PuO 2 phase in Figure 3 . Indeed the radiation resilient behavior of the PuO 2 (fluorite crystal structure) is well known and has been observed in other systems such as UO 2 [20] . Figure 3 also shows an apparent sodalite lattice volume increase with accumulated alpha-decay damage, although, to a much less extent than the PuO 2 phase (0.2 % and 0.7%, respectively). The explanation for this volume increase is less obvious as very little Pu has been observed in the sodalite phase itself. While the PuO 2 phase is observed to border the sodalite-glass boundaries, the limited range of the 234 U recoil nucleus in the PuO 2 phase would preclude significant damage to the sodalite crystal structure. Microscopy analysis has identified a Pu-silicate phase, but this phase appears to be discrete from the sodalite phase. A possible explanation for the sodalite unit-cell volume increase maybe the accumulation of defects from alpha-particle damage. Figure 4 shows a comparison of the 238 Pu-loaded CWF to other mineral systems that contain appreciable amounts of actinides for long periods of time. Figure 3 shows the swelling (percent volume increase) relative to cumulated alpha-decay dose for the PuO 2 and sodalite phases in the CWF, several synthetic materials and natural 'analog' minerals containing actinides (zircon systems [21] , Synroc-C [22] , annealed PuO 2 [23] ). From this figure it is apparent that the 238 Pu-loaded CWF, at the current accumulated dose, experiences minimal swelling resulting from alpha decay damage and these observations are supported by the constant density of the CWF material with accumulated alpha-decay dose.
SUMMARY
The major observations from this interim report on the alpha-decay damage to the CWF after three years are as follows:
• No change in the microstructure or elemental composition of individual phases observed by SEM. TEM has observed bubbles or voids in the glass and sodalite phases and investigation is ongoing to determine their origin. No microcracks or phase debonding has been observed.
• The chemical durability of the 238 Pu-loaded CWF has varied little from the initial testing period as determined by the PCT immersion test.
• The density of the 238 Pu-loaded CWF has not changed within experimental uncertainty after nearly three years of measurement.
• The phase composition of the 238 Pu-loaded CWF as determined by XRD has not changed in nearly three years of observation. The PuO 2 phase has undergone the expected maximum volume increase due to alpha-decay damage and continues to slowly increase in a manner consistent with the in-growth of 234 U. The sodalite phase unit-cell volume also appears to be increasing, but to a much smaller extent than the PuO 2 volume increase.
• The physical durability and appearance of the 238 Pu-loaded CWF has remained unchanged af after nearly three years. 
